Introduction
Renewable electricity generation technologies like wind and solar power are promising candidates to achieve a clean and sustainable energy infrastructure. However, wind and solar power are both characterized by an intermittent availability. [1] Thus, a large scale energy storage solution is required in safety reasons. [9] Therefore, electrolyzers can only be operated above a certain load. Comparing PEM and alkaline electrolyzers, this minimal load is commonly much smaller for PEM electrolyzers, due to the comparably small gas crossover of PEMs. [7, 9] Based on the large load range and the fast system response, PEM electrolyzers offer a great flexibility to respond to the intermittent electricity generation from renewable sources. Furthermore, the high proton conductivity of PEMs ensures low ohmic losses and the applicability of high current densities, [7] which are not only advantageous in the context of renewable electricity storage. In contrast to the well-established fully-developed PEMs, alkaline solid polymer electrolytes are currently under development but commercial alkaline electrolyzers still rely on liquid electrolytes in combination with diaphragms. [7, 10] Furthermore, all alkaline electrolytes have the intrinsic drawback that the conductivity of hydroxide ions (198 S cm 2 mol −1 ) [11] is considerably lower than that of hydronium ions (350 S cm 2 mol −1 ). [11] Thus, acidic electrolytes (membranes) potentially provide (at similar thickness and charge carrier concentration) much lower ohmic resistances, which is especially relevant to minimize losses at high current densities on the application level.
Besides the aforementioned disadvantages of alkaline electrolyzers, their major advantage is the comparably wide range of abundant materials that are applicable as anode catalysts, such as Fe, Ni, Co, Cu and Mn based oxides as well as nitrogen doped carbon materials. [12, 13] However, while OER catalysis profits from alkaline conditions, the cathode reaction, the hydrogen evolution reaction (HER), is usually impeded in an alkaline environment. [14] This circumstance lowers the possible gain on the system level. In contrast to alkaline electrolyzers, one main shortcoming of PEM electrolyzers is the limited range of materials for the anode catalyst and related parts such as current collectors and separator plates, [7] since these materials must sustain high electrode potentials in combination with the acidic environment. The vast majority of PEM compatible anode catalysts is based on oxides of Ru and, especially, Ir which are, unfortunately, very scarce noble metals [7] with annual production capacities far below that of Pt. [15] Hence, pricing and availability of Ru and Ir can be considered as a major issue for the large-scale application of PEM electrolyzers. Thus, in order to profit from the numerous advantages of PEM electrolyzers and facilitate their large-scale application, the noble metal amount required in the anode catalyst need to be drastically reduced. For this purpose, an in-depth fundamental understanding of the OER mechanism and the applied catalyst materials in acidic environment is required. Based on this knowledge, new strategies for catalyst design and optimization can be established to minimize the noble metal content while preserving a high activity and stability for the OER.
In this article, first different OER mechanisms proposed in acidic environment are reviewed. As a next step, the present status of the experimentally determined OER mechanism on homogenous Ru catalysts is summarized to provide the basis for the subsequent discussion of in-situ analytical insights from heterogeneous OER catalysts. Then, to provide insights into structure-function relations of PEM compatible OER catalysts, activity and stability trends of monometallic OER catalysts are reviewed. Based on this knowledge, new catalyst optimization approaches are discussed to point out their potential for future research.
The Oxygen Evolution Reaction Mechanism in Acidic Environments -Current State of Knowledge

Heterogeneous Catalysts
To date, a number of different reaction mechanisms have been proposed for the OER on heterogeneous electro-catalysts, based on kinetic studies [16] [17] [18] or density functional theory (DFT) calculations, [19] [20] [21] [22] some of which are shown in Figure 1 . However, none of the OER mechanisms proposed for heterogeneous catalysts has been yet fully validated based on experimental results. In a pioneering work, Bockris made up kinetic models for a variety of different conceivable OER mechanisms, some of which are shown in Figure 1I -III. [16] Bockris demonstrated that the Tafel slope, observable in an electrocatalytic measurement, is determined by the actual rate determining step (rds) within a certain reaction mechanism. [16] This analysis was based on the assumption that one step in each reaction mechanism is the rds and that only the reactant of the rds can build up a high surface coverage (concentration). [16] Considering RuO 2 , the Tafel slope analysis revealed a reaction mechanism similar to the electrochemical oxide path (see Figure 1 II) with an additional chemical rearrangement step of the MOH species between reaction 1 and 2. [18, 23] Below 1.52 V this rearrangement step was found to be rate determining whereas at higher potentials the first step (step 1 in Figure 1 II) becomes rate determining. [18, 23] However, a rds cannot unambiguously be identified based on the Tafel slope alone. Different rds in different mechanisms can result in similar Tafel slopes. [16] Furthermore, the actual reaction mechanism might not have been considered in the set of mechanisms for which the Tafel slopes have been deduced. Moreover, the Tafel slope itself is a somewhat unspecific measure which can be altered by factors besides the electrocatalytic reaction. Scheuermann et al. have for instance shown that a semiconducting oxide layer, located between catalyst and substrate (current collector), can increase the Tafel slope. [24] Thus, precise knowledge about the electrodes material properties, especially with respect to conductivity and possible buried interfaces, is required in order to obtain valid mechanistic insights from a Tafel slope analysis.
Another concept based on which an OER mechanism has been proposed is the thermochemical analysis using DFT calculations, as demonstrated by Rossmeisl et al. [20] [21] [22] Here, first a mechanism is proposed (see Figure 1 IV) . Then, the Gibbs free energy of every reaction (∆ R G x ) within the mechanism is calculated as a function of the electrode potential. In this context, only elementary reactions in which an electron is exchanged with the electrode are considered, since only these steps depend directly on the electrode potential. To facilitate the overall reaction, as a necessary condition, ∆ R G x of every reaction step has to be ≤0 J mol −1 (compare Figure 2) . Although the sum of ∆ R G x of the individual reaction steps has to equal ∆ R G of the overall reaction (oxidation from water to O 2 ), each reaction step can have a different ∆ R G x within this boundary condition. If one electron is transferred to the catalyst in each step, ∆ R G x of each step changes equally with electrode potential. The reaction step which displays the largest ∆ R G x (at the reference potential of 0 V SHE ) requires the highest electrode potential to become downhill in ∆ R G (step 3 in Figure 2 requires 1.60 V) and, thus, is referred to as the potential determining step (pds). [25] Hence, there can be reaction steps that require a higher electrode potential than the standard potential of the overall reaction (E 0 = 1.23 V) to meet the condition of ∆ R G x ≤0 J mol −1 , see Figure 2 . In contrast to the overall reaction, ∆ R G x of the reaction steps (see Figure 1 IV and Figure 2 ) depends on the adsorption energy of the intermediates and, thus, is a function of the catalyst. Hence, the potential required to facilitate the overall reaction is a function of the catalyst. Since this approach describes the reactivity trend on different catalysts fairly good, the validity of the proposed mechanism appears reasonable, although the model is based on thermodynamics alone and does not account for any kinetic barrier. This treatment, however, does not mean that there are no kinetic barriers but it assumes that the kinetic barriers scale with the thermodynamic barriers and, thus, the Adv. Energy Mater. 2017, 7, 1601275 www.advenergymat.de www.advancedsciencenews.com Figure 1 . Proposed reaction mechanisms for the oxygen evolution reaction. Reaction mechanisms I-III are according to reference [16] whereas reaction mechanism IV is according to reference [22] .
wileyonlinelibrary.com reactivity trend can be qualitatively explained on a thermodynamic basis. Additionally, reaction mechanism IV includes the implicit assumption that proton and electron transfer are coupled in every step. Indeed, Nakagawa et al. found that the OER overpotential on a heterogeneous Ir oxide catalyst does not depend on the pH value, which supports the assumption of a coupled proton-electron transfer. [26, 27] However, the occurrence of a coupled or, rather, a sequential proton electron transfer can depend on the interaction strength between catalyst and intermediates and, hence, might be a function of the actual catalyst. [27] In order to minimize the potential which is required to trigger the reaction thermodynamically on a given catalyst, ∆ R G x of the reactions in mechanism (IV) (Figure 1 ) has to be optimized by tuning the binding energy of the MOH, MO and M-OOH intermediates. As demonstrated by Rossmeisl et al., these binding energies are linearly correlated and, hence, they cannot be varied independently. [21, 22] This restricts the optimization of the catalyst so that the thermodynamic potential of the overall reaction cannot be reached. [20, 22] However, recently Halck et al. have shown that the correlation of the binding energies can be overcome by doping the oxides surface with a second metal like Co or Ni. [19] Commonly, coordinatively unsaturated sites (cus, metal surface atoms in an oxide that have a smaller coordination number compared to the bulk (see Figure 3) ) are expected to constitute the active center for the OER. [19, 20, 22] However, it was found that a dopant like Co or Ni lowers the OER overpotential of RuO 2 , if it is located in the bridge site. [19] If the dopant is present in the bridge site, it is expected to activate the oxygen atom above as proton donor-acceptor functionality (see Figure 3 ). This proton donor-acceptor functionality can be used to transfer hydrogen away from MOH or MOOH reaction intermediates resulting in a lowering of their energetic state. [19] With this additional parameter, which primarily affects two of three OER intermediates, the linear correlation of the binding energies (scaling relations) can be overcome. [19] Thus, this theoretical model points out a possible way for the design of highly active OER catalysts. However, a more detailed theoretical study by Fang et al. for the OER on RuO 2 (110) revealed that the bridging O acts even on pure RuO 2 as a proton acceptor functionality, which is critically important for the reactivity. [29] Similar to the reaction mechanism introduced by Rossmeisl et al. (Figure 1 IV) , Fang et al. found that an attack of water in the OO bond formation step is preferred over a coupling of two surface O groups. [29] Since the calculated results are in good agreement with experimental OER results on RuO 2 , the model appears to represent the actual reaction mechanism. [23, 29] Chen et al. demonstrated in a theoretical study that the electronic properties of bridging O sites on RuO 2 , which act as proton acceptors, are highly relevant for the OER activity and can be altered by doping with other metal cations such as Ni, Co or Ir. [30] As was shown above, the thermochemical analysis is a very useful tool to describe activity trends in OER catalysis and, hence, helps to identify possible new materials and material combinations. However, the thermochemical analysis is not necessarily able to unravel the precise nature of the reaction (110) surface of a rutile type oxide like RuO 2 . The coordinatively unsaturated (cus) as well as the bridge sites are labeled. One metal ion in a bridge site is exchanged by a lower valent Ni ion. An OH and an OOH group are adsorbed on a cus site, respectively. In a) the different surface species are labeled. In b) possible proton transfer is exemplified, as the bridging O related to Ni are activated as proton donor-acceptor functionality. [19] Bond angles and length of adsorbed intermediates are provided as schematic representation and do not represent the actual state during the reaction.
(5 of 18) 1601275 wileyonlinelibrary.com mechanism, because it does not include kinetic barriers. [31] As pointed out by Mavros et al., two different OER mechanisms calculated based on a thermochemical approach yielded the same overpotentials within the experimental uncertainty. [31] This outcome underlines the need for more sophisticated calculations and in-situ studies to unambiguously clarify the actual OER mechanism. In contrast to heterogeneous catalysts, a more detailed understanding of the OER mechanism has already been established for homogeneous catalysts. Most homogenous OER catalysts are well suited for in-situ studies for instance by resonance Raman spectroscopy, EPR, XANES as well as EXAFS, which allowed to establish rather deep mechanistic insights that are not available for heterogeneous OER catalysts. The absence of a 'spectator' bulk phase makes the detection of OER-related changes in homogenous OER catalysts more straightforward. Moreover, a defined coordination environment together with the possibility of its variation in homogenous OER catalysts allows for the evaluation of the significance of certain groups and geometries around the active metal center. In contrast to that, polycrystalline materials with their ill-defined surface structure are often used for in-situ studies of heterogeneous catalysts. Even if single crystals are applied, the variation of the coordination environment of surface atoms is not straightforward. However, as recently pointed out by Exner et al., ligand effects are also of potential interest for heterogeneous OER catalysts in order to tune the metal-oxygen bond strength to the optimum. [32] Two fundamentally different OER mechanisms, the acid-base and the direct coupling mechanism, which differ primarily with respect to their OO bond formation step (see Figure 4a) , are conceivable for heterogeneous and homogenous catalysts. [31] In terms of heterogeneous catalysis, the acid-base mechanism corresponds to an Eley-Rideal like mechanism whereas the direct coupling mechanism corresponds to a Langmuir-Hinshelwood like mechanism. Both, the direct coupling and the acid-base mechanism, start from adsorbed MOH species which are then transferred into MO species by oxidation of the metal site to which they are coordinated. [31] Then, within the so called direct coupling mechanism, two neighboring MO species couple directly to form an OO bond whereas in the acid-base mechanism the MO species undergoes a nucleophilic attack of water resulting in an MOOH species (see Figure 4a) . [31] Within the direct coupling mechanism, the OO bond formation can also proceed between an MO and an MOH species resulting in an MOOH intermediate. [33] The MOOH species is further oxidized to an MOO species which is then, in the next step, replaced by water while O 2 is released. Evidence for the direct coupling mechanism was reported for a Co based catalyst (CoCat). [33, 34] In contrast to that, the acid-base mechanism is commonly considered for homogenous Ru based OER catalysts. [35] [36] [37] Figure 4 . a) Illustration of the Acid-Base and Direct-Coupling OER mechanism classified according to the OO bond formation step. Reproduced with permission. [31] Copyright 2014, American Chemical Society. b) Detailed reaction mechanism proposed for the OER on [Ru II (bpy)(tpy)H 2 O] 2+ as homogeneous catalyst (acid-base type). All intermediates of the reaction are numbered to be easily referable within the text. Reproduced with permission. [40] Copyright 2014, American Chemical Society.
wileyonlinelibrary.com these mechanisms is to perform the reaction with isotopelabeled catalysts or reactants in combination with mass-spectroscopic product analysis. If for instance the MOH species in the catalyst are labeled as 18 OH and the reaction is performed in H 2 16 O, then the formation of 18 O 18 O in the early stages of the reaction would be a clear indication for the direct coupling mechanism.
Homogeneous Catalysts
Based on homogenous complex catalysts, it was shown that the OER can be performed at a single metal site such as Ru, Ir, Fe, Co or Mn. [38] In case of homogeneous mononuclear Ru complexes, the ligands have a strong impact on the catalytic OER performance. [38] Based on the well-studied [Ru II (bpy) (tpy)H 2 O] 2+ (bpy: 2,2′-bipyridine, tpy: 2,2′:6′,2″-terpyridine, see Figure 4b ), in which substituents were introduced on the bpy and/or the tpy ligand, it was shown as a general trend that electron donating substituents improve the catalytic activity. [39] For [Ru II (bpy)(tpy)H 2 O] 2+ the reaction mechanism depicted in Figure 4b was proposed. [40] Therein, Ru is first oxidized from (II) to (IV) (state 1 to 3). Hereby, the deprotonation of the water ligand avoids the formation of highly charged energetically unfavorable intermediates. In strongly acidic media, two protons are released from state 2 to 3 while no proton transfer occurs from state 1 to 2. [38] In contrast to that, at higher pH values one proton is transferred in each step. [38] If in [Ru II (bpy)(tpy)H 2 O] 2+ the water ligand is substituted by a chloride ligand, Ru cannot be oxidized above Ru(III), since the charge cannot be balanced by proton transfer. [40] The importance of proton transfer for the homogenously catalyzed OER was supported by the facts that a kinetic isotope effect was observed upon H 2 O/D 2 O exchange (catalyst: [Ru(tpy)(3-methyl-1-pyridylbenzimidazol-2-ylidene)(OH 2 )] 2+ ) [41] and that the addition of a base increased the OER rate (catalyst: [Ru(2,6-bis(1-methylbenzimidazol-2-yl)-pyridine))(bpy)(OH 2 )] 2+ ). [38, 42] As shown recently, state (3) with Ru (IV) represents the majority species during the catalytic OER cycle of [Ru II (bpy)(tpy)H 2 O] 2+ . [40] In the next step, Ru was postulated to be further oxidized to an Ru(V)=O species, (3.1) without a coupled proton transfer, which then undergoes a nucleophilic attack by water. [35] However, there is some uncertainty over the existence of such a Ru(V) species. [40] Therefore, an additional pathway was proposed in which the attack of water as well as the oxidation of the complex appear concerted and, thus, the reaction proceeds directly from (3) to (4) . [40] In contrast to that, there is clear evidence for at least one Ru(V) species in case of the so called blue dimer (cis,cis-[(bpy) 2 (H 2 O)Ru III ORu III (OH 2 ) (bpy) 2 ] 4+ , see Figure 5 ), a well-known binuclear Ruthenium water oxidation catalyst. [37, 43] However, as product of the nucleophilic attack of water, a complex with an OOH species (4) is the product, which again is oxidized in a coupled proton-electron transfer ( (4) to (5)). [40] In the last step, the OO species in (5) is substituted by a water molecule whereby molecular oxygen is released and the catalytic cycle is closed. It appears also possible that Ru is oxidized to Ru(V) before O 2 is released as represented by intermediate (5.1). [40] In conclusion, even in case of homogenous catalysts some controversy exists about the oxidation state during the OO bond formation step.
Even if a binuclear Ru complex such as the well-studied blue dimer (see Figure 5 ) is considered, the OER was not observed to proceed via a direct coupling of vicinal oxygen species. [37] Although it was shown that one Ru center alone is able to catalyze the OER, a second neighboring Ru site, connected via a μ-oxo bridge, is beneficial for the OER performance inter alia by stabilizing higher Ru oxidation states and giving the possibility of hydrogen bond formation with intermediates of the water oxidation process. [44] The μ-oxo bridge itself in the blue dimer is not oxidized to molecular oxygen during the OER. [37] Thereby, the μ-oxo bridge shows some similarities to the bridging O on rutile type (110) surfaces, since it acts as proton acceptor within the mechanism but is not oxidized to O 2 . [19, 29] 
In-Situ Insights Into the OER Mechanism on Heterogeneous Catalysts
At this point the question remains, as to which extent the knowledge obtained from homogeneous catalysts is transferrable to heterogeneous catalysts. As pointed out by Crabtree, the boundary between both fields is blurred and, thus, our distinction between homogenous and heterogeneous catalysts, a comfort-zone classroom concept from the early days of chemistry, needs refinement. [45] One might raise the question, if a complex immobilized on a surface is a homogenous or a heterogeneous catalyst. Furthermore, it cannot be stated unambiguously above which number of atoms small metal clusters or nanoparticles display bulk properties and thus can be considered as heterogeneous catalyst. The size-dependent transition of small clusters towards bulk properties can for instance be traced by the ionization threshold, which is a function of the number of atoms in the cluster [46] and does show an abrupt change. Thus, the catalytic properties of homogenous and heterogeneous catalysts are not expected to be equal, but trends and basic principles are believed to show similarities. Hence, knowledge about the OER mechanism obtained from homogeneous catalysts can act as a starting point for the study of heterogeneous catalysts. With this background, experimental insights obtained for heterogeneous catalysts can be judged and parallels can be drawn.
Although a detailed and complete mechanistic picture for heterogeneous benchmark catalysts in acidic media is not Reproduced with permission. [31] Copyright 2014, American Chemical Society.
available to date, some valuable mechanistic insights have already been published for oxides of Ru, Ir, Pt and Au and will be compared below. The aforementioned catalysts have all been studied by differential electrochemical mass spectroscopy (DEMS) using isotope-labeled electrolytes. [47] [48] [49] [50] [51] [52] In these studies, it was demonstrated (possibly with the exception of oxidized Pt) that the metal oxide is likely to participate directly in the OER, at least at the early stages. In other words, a portion of the evolved molecular oxygen originates from the oxide itself. For Pt, however, DEMS studies have remained somewhat contradictory. Willsau O for OER yielded only 16 O 16 O (m/z = 32). [50] Within this study, the authors could verify that an 18 O-containing oxide layer remains on the Pt electrode during the transfer. [50] In contrast to that, Churchill et al. found that part of the oxygen evolved on Pt oxide stems from the oxide layer. [51] Hence, at the present state it cannot be unambiguously concluded if the Pt oxide layer directly participates in the OER or not. Arrigo et al. demonstrated in an in-situ near-ambient pressure (NAP) X-ray photo electron spectroscopy (XPS) study on a sputtered Pt catalyst that up to three different Pt oxides can be formed during the OER. [53] However, even during OER operation at 2 V (against the counter electrode) metallic Pt was detectable by XPS. [53] The authors identified a two-dimensional surface oxide species as well as Pt(II) oxide during the OER by NAP-XPS. [53] In that study, a Pt(IV) species could only be observed on a Pt foil after prolonged OER at 2.5 V. [53] In contrast to that, Saveleva et al. observed PtO 2 and PtO formation at similar potentials by in-situ NAP-XPS. [54] Whereas the formation of PtO was found to be detrimental for the OER activity, the presence of two-dimensional Pt surface oxide clusters was beneficial and, hence 2D Pt oxide appears to be the active phase for the OER, as illustrated in Figure 6a . [53] However, thick Pt oxide layers, which are likely to be composed of Pt(II) and/or Pt(IV) oxide, are known to display a poor electric conductivity which might be the reason for their detrimental impact on the OER activity. [55] In this context, the observation of Heitbaum et al. that the Pt oxide layer does not participate in the OER appears reasonable, if the term "oxide layer" strictly refers to Pt(II) and/or Pt(IV) oxide and not to the 2D surface oxide. The OER active 2D surface oxide might not be stable enough to sustain the transfer between different electrolytes, which impedes isoptope-labelled DEMS investigations. Therefore, at the present state neither the direct coupling nor the acid-base mechanism can be excluded for Pt.
In contrast to that, DEMS results on Au have provided a clearer picture (see Figure 6b) . If a gold oxide film is formed in H 2 18 O electrolyte and transferred into H 2 16 O-based electrolyte for OER, initially, only 18 O 18 O (m/z = 36) was formed. [52] Adv. Energy Mater. 2017, 7, 1601275 www.advenergymat.de www.advancedsciencenews.com In other words, the initially evolved O 2 stems exclusively from the oxide layer and not from the electrolyte. This result agrees well with the direct coupling mechanism. Besides that, surface enhanced Raman spectroscopy (SERS), performed on roughened gold electrodes, revealed the presence of an MOOH species above 1.4 V RHE , whereas the OER commenced at approximately 2.0 V RHE . [52, 56] Since these events did not emerge at the same potential, the question arises if they are related to each other. Diaz-Morales et al. concluded that the MOOH species is related to a disordered Au surface oxide which is formed above 1.4 V RHE and then decomposed around 2.0 V RHE under oxygen evolution. [52] The mechanism was hence referred to as "oxide decomposition" mechanism. [52] In line with the nature of an oxide decomposition mechanism, Au dissolution during the OER was found to have the same activation energy as the OER itself, indicating that both processes have a common intermediate. [57] Analyzing the insights obtained for Au in the context of the direct coupling versus the acid-base mechanism, the reaction mechanism on Au appears more consistent with the former than the latter. At this point it should be noted that MOOH intermediates may appear in the direct coupling as well as the acid-base mechanism. [31] Hence, these mechanisms cannot be distinguished based on the observation of an MOOH species. However, the combination of DEMS and the SERS results for Au indicates the presence of the direct coupling mechanism.
Although Au and Pt have been investigated rather extensively within in-situ OER studies, both materials are, unfortunately, not highly active for the OER. In contrast to that, mechanistic in-situ investigations of highly active Ru oxide catalysts are fairly scarce. Heitbaum et al. demonstrated by DEMS that the Ru oxide layer directly participates in the OER. [47] In case of a Ru oxide layer which was electrochemically prepared in H 2 18 O electrolyte from metallic Ru, the catalytic OER measurement in H 2 16 O-based electrolyte revealed the evolution of 18 O 18 O (m/z = 36), [47] which is indicative for the direct coupling mechanism. Furthermore, RuO 4 (m/z = 165) was detected as corrosion product during the OER by DEMS [47] and in-situ reflectance spectroscopy. [58] As reported by Kötz et al., the mechanisms of OER and RuO 4 formation appear to have a common intermediate, since both commence at the same potential. [58] In contrast to that, no RuO 4 formation was reported for thermally prepared RuO 2 . [47] Furthermore, a thermally prepared Ru oxide with natural oxygen isotope distribution (mostly 16 O electrolyte. [48] Thus, the direct coupling mechanism seems not to be relevant for the OER on thermally prepared RuO 2 , suggesting that the OO bond formation mechanism is distinctly different on thermally and electrochemically prepared Ru oxides. Oxygen evolution on RuO 2 was also reported to exhibit an interesting electrode potential dependence: At low overpotentials, the molecular oxygen evolved on RuO 2 originated exclusively from water, whereas at higher overpotentials it was formed in parts from the oxide in form of O(oxide)-O(water). [48] Hence, the OER mechanism on thermally prepared crystalline RuO 2 appears not only to differ from that of electrochemical Ru oxide, but it might also be a function of the electrode potential. Due to the apparent sensitivity of the OER mechanism on the preparation and measurement conditions, additional in-situ studies on model catalyst systems are required to shed more light into the complex OER mechanism on Ru oxides.
For thermally prepared IrO 2 , a DEMS OER study with isotope-labeled electrolyte (H 2
18
O enriched) showed that part of the evolved O 2 stemmed from the oxide layer. [49] However, this DEMS study did not address the issue whether O 2 was formed from two oxide lattice-related oxygen atoms or if an oxygen atom from the oxide reacts with water to form O 2 . Casalongue et al. observed the presence of an Ir(V) surface species during the OER by in-situ ambient-pressure XPS. [59] However, in the light of new results by Pfeifer et al. [60, 61] this species might actually be an Ir(III) species instead of an Ir(V) species. Minguzzi et al. proposed the presence of an Ir(III) and an Ir(V) species during the OER based on X-ray absorption near-edge structure (XANES) spectroscopy experiments. [62] Furthermore, an Ir oxidation state higher than (IV) was proposed based on in-situ XANES studies of Ir films [63] and Ruthenate-Iridate pyrochlores. [64] However, Ir(V) compounds were commonly not included in the array of reference materials which cast doubt on the edge position based redox state assignment, especially since a shift of the edge position can additionally be induced by a metal-semiconductor transition. [65] Although Ir(V) and Ir(VI) compounds could be isolated within the bulk of crystalline solid state materials, [66] it remains unclear to which extend an Ir species with a charge different to the resting state can build up on the surface of a catalyst with metallic conductivity such as IrO 2 . With respect to reactive oxygen surface intermediates, Zhang et al. detected a MOOH species transiently during oxygen evolution by Fourier transform infrared spectroscopy (FT-IR) on Ir oxide in form of an absorption band at 830 cm −1 . [67] However, a SERS study on electrochemically prepared IrO x revealed no signal around 830 cm −1 , [68] which indicates that MOOH species are not present to a large extent during steady state OER operation. Based on these in-situ insights, neither the acid-base nor the direct coupling mechanism can be conclusively confirmed or dismissed for IrO x . In this context, more in-depth DEMS investigations might be able to provide additional mechanistic insights.
The chemistry of partly oxidized metal surfaces exhibiting surface and sub-surface oxygen species embedded in a still metallic substrate has been notoriously difficult to detect as frequently documented in chemical catalysis. [69] In the presence of water, the chemical state corresponds to an intermediate state in the oxidation of a metal surface, resulting in metal acids (MO x (OH) y )•nH 2 O [70] that may constitute precursors to either dissolution or condensation into a metal acid anhydride M x O y (H 2 O) m . The general process of transformation of a metal electrode under OER conditions requires first and foremost dissolved oxygen atoms in the metal (or other local "defects") to allow a hydrophilic bonding of water. [71] In a next step, in order to enable the OER process, the formation of surface oxides occurs concomitant with molecular oxygen gas evolution, followed by hydrolysis to metal acids and finally to metal acid anhydride. It is unlikely that in absence of any thermal activation step dehydrated metal oxide crystals or overlayers will form, unless metal oxide anhydrides are allowed to dehydrate in ambient air conditions over extended timescales.
Reported discrepancies in the detection of intermediates and solid phases by different spectroscopic techniques may be wileyonlinelibrary.com associated with their varying detectability due to weakly scattering surface phases in co-existence with bulk metal or thick deposits of condensates. Radiolytic formation of intermediates or their destruction is an additional source of experimental artifacts and discrepancy. Another challenge is the identification and speciation of aqueous oxidic phases using fingerprint comparisons with bulk oxides that were synthesized by thermal annealing methods. The presence of structural water and residual hydroxyl species in the structure of an "oxide" is inevitable in non-annealed systems. As a result of this, oxide phases may display quite different local and integral electronic properties depending specifically on their electrochemical synthesis protocol. This is why a direct comparison between nonannealed and annealed oxide phases must be done with care, and the speciation using thermal reference compounds may be misleading. In summary, in-situ studies of OER catalysts were performed using many different experimental techniques such as DEMS, XANES, NAP-XPS and, to a minor extent, FT-IR and SERS, although the latter two are underrepresented in this field considering their potential. At first sight it seems disappointing that in the conspectus of this review of past works still no clear picture of a unifying OER mechanism has emerged. The origin of this unsatisfactory situation may be based on insufficient awareness of the fact that an active OER electrode is an electrocatalyst that undergoes dramatic dynamic reorganization [72] during formation and operation. As the active phase requires multi-functionality in terms of adsorption, dissociation and charge carrier mobility, it is likely that only part of these aspects are probed by specific experiments leaving an incomplete picture of the ongoing processes.
Looking ahead, the reviewers suggest that more multimethod and in-situ studies with truly surface sensitive detection methods are conducted. This could clarify the situation and eventually document if a given electrode performs the OER according to different mechanisms under different conditions. The apparent disappointment about the state of knowledge is thus no reason to despair but more a challenge to better respect the dynamical nature of electro-catalytic surfaces.
OER Catalysts
This section will address new developments in the field of OER catalyst materials for acidic media with special emphasis on materials that contribute to improve the understanding of the interplay between materials properties and catalytic performance. For a broader overview over OER catalysts in general, their evolution as well as the current state of materials for the application level, the interested reader is referred to other excellent reviews in the field. [5, 7, 73] 
Monometallic Oxides
For the OER on electrochemically oxidized metals a general activity trend has emerged with Ru>Ir>Rh>Pt>Au (see Figure 7) . [63, [74] [75] [76] This activity trend was established based on the overpotential at a geometric current density of 5 mA cm −2 .
Os was found to be even more active than Ru, but unfortunately it showed a very low stability within the OER. [63] In case of Os only about 5% of the current observable during the OER was related to the OER itself, [63] implying that about 95% of the current was related to corrosion. Hence, in the context of the OER, Os can hardly be called a catalyst and is far too unstable for an application on the electrolyzer level. Considering the stability of the other metals, Cherevko et al. found the following trend: Pt>Rh>Ir>Au≥Ru (see Figure 7) . [76] Comparing the activity and stability trend, it is apparent that these are not directly anti correlated, although there is a tendency that less active OER catalysts offer a higher stability. However, Au does not follow this trend since it is almost as unstable as the most active catalyst Ru but offers the lowest OER activity within this comparison (see Figure 7) . As mentioned in section (3), only in case of Ru and Au indications for a direct coupling mechanism were found. Thus, the low stability of Ru and Au might be related to the actual reaction mechanism, as pointed out by Cherevko et al. [76] However, the stability of OER catalysts might be improved by the addition of Pt as stabilizer, since Pt shows a high stability even under elevated temperatures. [77] Apart from the actual metal cation present in an oxide, the synthesis conditions critically determine its OER performance. Thermally prepared oxides were often found to provide a higher stability but a lower activity than electrochemically prepared oxides. [63, 75, 79] Indeed, thermal oxides of Ru and Ir were found to offer a 2-3 orders of magnitude higher stability than their electrochemical analogues. [75] Ir oxide OER catalysts have been prepared in various different ways such as electrochemical [80] or thermal oxidation of metallic Ir, [75, 81] physical vapor deposition [82] or by the decomposition of suitable precursors. [6, 83] In the latter case, chloride precursors have frequently been applied [81, [84] [85] [86] [87] which were often converted, prior to the decomposition, by the Adams fusion method or Adv. Energy Mater. 2017, 7, 1601275 www.advenergymat.de www.advancedsciencenews.com Figure 7 . OER performance in form of overpotential and metal dissolution rates at 5 mA cm −2 geometric current density of different metal electrodes. The data are obtained from reference [76] where they were obtained by scanning flow cell measurements in conjunction with ICP-MS [78] (electrolyte: 0.1 m H 2 SO 4 , scan rate: 2 mV s −1 , iR corrected).
wileyonlinelibrary.com the Pechini method. [85, 86, 88] If a chloride precursor was used within the thermal decomposition, the resulting oxides were unfortunately found to contain significant amounts of chloride residues. [6] More recently, Ir acetate or Ir acetylacetonate have been used as precursors, which are easy to decompose, either thermally or photochemically, and avoid the chloride contamination problematic. [89] [90] [91] [92] Considering Ir oxides, which were prepared by electrochemical oxidation of metallic Ir using cyclic voltammetry, the potential boundaries, number of potential cycles, scan rate, temperature and electrolyte can influence the oxides properties. [93] Additionally, the upper potential boundary was found to impact on the Ir dissolution during oxide formation. [94] The onset of Ir bulk oxide formation was attributed to the potential range of 0.7-1.1 V RHE , since in this potential range Ir dissolution began. [95] In contrast to electrochemically prepared Ir oxides, the properties of thermally prepared Ir oxides mainly depend on the applied temperature, gas atmosphere and precursor. [85, 90] Oliveira-Sousa et al. demonstrated that the morphology of Ir oxides critically depend on the utilized precursor or, respectively, its pretreatment. [85] Fierro et al. found that Ir oxides prepared by thermal decomposition of H 2 IrCl 6 or, respectively, by thermal oxidation of a sputtered metallic Ir film at 500 °C resulted in similar voltammograms and surface specific OER activities. [81] This observation indicates that similar Ir oxides were formed and that precursor related differences might not be relevant at high calcination temperatures. However, the OER performance of Ir oxides commonly differs strongly as a function of the preparation conditions. As demonstrated based on thin film Ir oxide model catalysts, the OER performance (in form of the overpotential as well as the stability against dissolution at a certain current density) is a strong function of the calcination temperature, as can be seen in Figure 8 . [89, 90, 96] The overpotential is small at the two lowest calcination temperatures and then increases at higher calcination temperatures. In contrast to that, the stability increases with increasing calcination temperature with exception of the film calcined at 350 °C. At moderate calcination temperatures (250 and 350 °C) an X-ray amorphous, mostly OH terminated, easily reducible Ir oxide phase was formed as major phase. [90] This amorphous Ir oxide phase provided a higher OER activity than the crystalline Ir oxide phase formed at higher calcination temperatures, which is terminated to a larger extent by more strongly bound lattice O species at the surface. [90] The lower stability of the IrO x (350 °C) sample was explained based on the presence of crystalline and amorphous Ir oxide which appeared exclusively for the IrO x (350 °C) sample. [96] An amorphous Ir oxide species with promising OER activity can also be prepared by photochemical decomposition of an Ir acetylacetonate precursor. [92] Pfeifer et al. demonstrated that X-ray amorphous Ir oxide, in contrast to IrO 2 , contains a considerable amount of Ir(III) beside Ir(IV) and O 2p hole states which are attributable to a formal O 1− species. [60, 61] The O 2p hole states are expected to make the involved O species more electrophilic and, thus, facilitate a nucleophilic attack as described in the acid-base mechanism. [60, 97] Considering the stability of OER catalysts, commonly fewer insights are available than for the OER activity. Generally the focus of OER studies, which is in many cases the catalytic activity, should be extended to the stability, since the catalysts stability is of utmost importance for future device applications. As pointed out by Frydendal et al., assessing the longterm stability in a short-term measurement requires a precise monitoring of catalyst dissolution, for instance by inductively coupled mass spectrometry or quartz crystal microbalance, and cannot be obtained based on short-term purely electrochemical measurements. [98] For sputtered Ru oxides it was found that the OER activity decreases with increasing deposition temperature while the Ru oxidation state was increased and the surface area was decreased. [99] Both, the higher oxidation state and the lower surface area were thought to cause the observed difference in OER activity. [99] In case of RuO 2 , an interesting general synthesis route was found to be the decomposition of RuO 4 as precursor. [100] For mass selected Ru clusters it was demonstrated that crystalline RuO 2 , formed by thermal oxidation, is considerably more stable than electrochemical Ru oxide, although it is only slightly less active. [101] These results are in accordance with results obtained by Cherevko et al. for RuO 2 films. [75] Ru particles which were oxidized in an O 2 plasma showed an intermediate behavior. [102] Additionally, the cluster size impacts the OER activity. For Ru nanoparticles an activity maximum was identified at a particle size of 3-5 nm. [101] Considering RuO 2 crystallites prepared in a sol-gel approach, Macounová et al. demonstrated that the OER activity decreases with increasing crystallite size. [103] Besides particle size effects, the morphology of RuO 2 electrodes on the meso and macro-scale was found to impact the OER activity as it controls the formation and removal of O 2 gas bubbles. [104] From the above discussion it can be concluded that the OER performance of monometallic Ru and Ir oxides strongly depends on the chemical nature of the actual oxide and its surface properties. Hence, even monometallic oxides of Ru and For the oxygen reduction reaction (ORR), the reverse reaction of the OER, single-crystal studies revealed the dependence of the ORR activity on the surface structure. [105] The OER activity also shows a dependence on the surface orientation. Based on strontium ruthenate single-crystal electrodes, Chang et al. showed that the OER activity in an alkaline electrolyte increases in the order (001)<(110)<(111), which is inverse to the stability of these surfaces. [106] This result is supported by findings of Stoerzinger et al. which demonstrated that the (100) surface of RuO 2 and IrO 2 is more active than the more stable (110) surface. [107] Additionally, Danilovic et al. demonstrated that less defective and, hence, more stable Ru (0001) and Ir (111) single-crystal electrodes are less active than the corresponding polycrystalline electrodes. [63] These results support the idea of a link between activity and stability. Unfortunately, the OER is commonly accompanied by simultaneous metal dissolution. [63, 75, 76, 96, 106, 108] Due to this metal dissolution, the single-crystal surface does not stay intact once the OER commences, as was shown for a strontium ruthenate (001) surface, which was roughened during the OER. [109] Therefore, the activity cannot be correlated unambiguously to the initial surface structure and, thus, the importance of certain surface geometries for the OER activity remains unclear. As recently outlined by Binninger et al., OER with metal dissolution is thermodynamically preferred over OER without metal dissolution, if the electrolyte does not contain ions of those metals present in the catalyst. [108] This explains why a certain amount of metal dissolution is commonly observed during the OER. The inverse relationship between activity and stability observed for different single-crystal surfaces of a certain material can be easily rationalized based on recent in-situ X-ray diffraction studies. Such experiments with Co 3 O 4 revealed a reversible structural change of the near surface region during the OER. [110] If it is assumed that the OER can only take place on this structurally modified part of the oxide, it becomes immediately clear that less stable oxide surfaces are beneficial for the activity, since they require a lower driving force (and thus overpotential) for the conversion into the active phase. If the as prepared catalyst is amorphous, its conversion into the actual oxygen-evolving state requires a lower driving force than the conversion of a highly ordered crystalline oxide. This, in turn, would explain the generally observed higher activity of amorphous catalysts.
Material Concepts Beyond Monometallic Ru and Ir Oxide Catalysts
Ru and Ir oxide catalysts are most frequently optimized through the formation of mixed oxides in order to lower the noble metal content and improve the catalytic activity and/or stability. Partial substitution of the metal cation in an oxide can result in an improved activity due to the alteration of the adsorption strength of reaction intermediates, as outlined by Exner et al. [32] The most obvious approach to tune the performance of Ru and Ir oxides is to form a mixture of both. This approach has been pursued in many studies during the past decades and it was generally found that the Ru-Ir mixed oxides provide a lower activity but a higher stability than Ru oxide whereas the inverse is true if activity and stability are compared with Ir oxide. [111, 112] Thus, activity and stability can be tuned within the boundaries of the monometallic oxides. Recently, Owe et al. prepared solid solutions of rutile type Ru-Ir mixed oxides by a hydrolysis method. [113] They compared the OER activity of these solid solution mixed oxides with physical mixtures of both components and found similar activities as a function of the Ru surface concentration. [113] Hence, no strong synergetic effect appears to be present between Ru and Ir in a solid solution mixed oxide. In contrast to that, Kötz et al. identified a synergistic effect between Ru and Ir for sputtered mixed oxides, since an Ir oxide content of 20% resulted in a reduction of the corrosion rate to approximately 4% of that observed for pure Ru oxide. [112] Similarly, a cooperative effect between Ru and Ir was observed for ruthenate and iridate pyrochlores, (Na 0.33 Ce 0.67 )(Ir 1-x Ru x ) 2 O 7 . [64] In this case, the cooperative effect was identified by in-situ XANES experiments, in which the oxidation state of Ru and Ir at a certain electrode potential was found to depend on the composition. [64] The difference with respect to synergetic effects in Ru and Ir mixed oxides indicates that the actual synthesis conditions are at least equally important as for monometallic oxides. Indeed, Danilovic et al. demonstrated that the stability of an Ir-Ru mixed oxide can be varied by surface segregation of Ir without affecting the activity. [114] A mixed oxide with Ir skeleton protective surface layer was ≈4 times more stable but similarly as active as a mixed oxide without Ir surface segregation. [114] Thus, the observed differences with respect to the cooperative effect between Ru and Ir might be related to different surface compositions or structures.
Although Ru-Ir mixed oxides are interesting from a fundamental point of view, the optimization of OER activity and stability appears only to be possible within the boundaries of the monometallic oxides. Furthermore, Ru and Ir are both scarce noble metals from the platinum group. A more recent approach for the optimization of Ir and Ru oxides is the formation of mixed oxides with Ni. [19, 103, [115] [116] [117] [118] [119] [120] As demonstrated by Macounová et al., Ru-Ni mixed oxides with up to 30% Ni content provide an improved surface specific OER activity over pure Ru oxide. [103] These oxides were composed of a single rutile type phase in which Ni rich clusters or defects were present and, thus, Ni was not homogenously distributed. [118] As outlined in section 2, the improved OER activity of Ru-Ni mixed oxides was explained based on the formation of a proton-donor-acceptor functionality on the surface caused by Ni ions. [121] However, for stability reasons the optimization of Ir oxides is more interesting. Nong et al. synthesized IrO x @IrNi core shell nanoparticles which resulted in a substantial lowering of the required Ir amount in an OER catalyst. [116] Furthermore, Nong et al. demonstrated that a high surface area mesoporous antimony doped tin oxide can act as appropriate highly stable support for a good dispersion of this catalyst. [117] For this nano-particulate IrO x @ IrNi catalyst an optimal OER activity was obtained at ≈77 at% Ni content, a part of which was leached out electrochemically during the formation of the IrO x shell. [116] Based on thermally wileyonlinelibrary.com prepared IrNi mixed oxide thin-film model catalysts, Reier et al. showed that the OER activity follows a volcano shaped curve with a maximum in the high Ni range, if normalized to the applied Ir mass or the geometric surface area (see Figure 9a) . [115] The surface specific OER activity (current normalized by the surface charge q*) increases with increasing Ni content and shows a plateau at high Ni contents (see Figure 9a) . [115] Prior to the OER investigation, part of the Ni was leached out electrochemically from the mixed oxides, [115] which is expected to create Ni vacancies. For the purpose of charge compensation, O species are partially replaced by OH species which results in a change of the oxide surface termination, as illustrated in Figure 9b . [115] The increased number of OH groups, which are expected to be coordinated by a smaller number of metal atoms and, hence, less strongly bound to the oxide backbone, was identified as a likely reason of the improved surface specific OER activity. [115] Additionally, it appears also possible that part of the O 2− species are converted into O 1− species in order to compensate the negative charge introduced by Ni vacancies, similar to the finding of Pfeifer et al. for amorphous IrO x . [60, 61] These electrophilic O 1− species might be additionally responsible for the improved OER activity, as O 1− species are expected to allow for an easier nucleophilic attack of water which is postulated in the acid-base mechanism. Based on IrNi mixed oxides, the Ir mass based OER activity could be improved by an impressive factor of ≈20. [115] Beside Ni, many other cations have been used to optimize the catalytic OER performance of Ru and Ir oxide catalysts by the formation of mixed oxides. In case of Ru oxide, mixtures with La, [122] Ce, [123] Ti, [124] Nb, [125] Ta, [126] Pb, [127] Sn, [128] Co, [129, 130] Zn, [131, 132] Pt [133] and Fe [134] were reported to improve the OER performance. Considering Ir oxides, mixtures with Sn, [87, 135] Sb, [136] Si, [137] Ti, [138] Nb, [139] Ta [138] or Co [140] were reported and, hence, Ru and Ir oxides were mixed with rather similar components. However, here only selected examples will be discussed in more detail which allow for insights into structure-reactivity relations or provide mechanistic insights. For the other materials the interested reader is referred to a number of excellent reviews. [3, 5, 73, 93] Besides the optimization of Ru and Ir based catalysts, Frydendal et al. introduced a different approach to obtain an acid stable OER catalyst. [141] In this approach an earth-abundant catalyst like MnO 2 , which is commonly not stable enough in acidic environment, is stabilized by doping the near surface oxide layers with Ti. [141] Although the OER performance in an acidic electrolyte was poor compared to noble metal catalysts, this appears to be a promising approach, especially if highly active OER catalysts for alkaline environment, such as Ni-Fe oxyhydroxides, [12, 142] can be stabilized in acidic media. The stabilizing effect of Ti was similarly demonstrated by Suzuki et al. using a cobalt titanium phosphide catalyst. [143] Very recently, Patel et al. have reported that fluorine doped Cu 1.5 Mn 1.5 O 4 constitutes a stable OER catalyst for acidic environments. [144] As outlined by Binninger et al. the introduction of anions with high oxidation potential can stabilize OER catalysts [108] and, hence, might be one reason for the observed stability of the fluorine doped Cu-Mn mixed oxide under acidic conditions.
Beside Ru-Ni and Ru-Ir mixed oxides, RuZn mixed oxides constitute a very interesting catalyst material. [131, 132] Although the OER activity is only slightly increased due to the addition of Zn, the selectivity for the OER in parallel oxygen and chlorine evolution is strongly increased. [131, 132] The reason for this behavior is related to the materials structure, as reported by Petrykin et al. [132] For the chlorine evolution reaction (ClER), Hansen et al. found in a DFT-based study that the ClER proceeds on RuO 2 via an Cl(O c ) 2 intermediate in which O c refers to O-groups adsorbed on cus sites. [145] Hence, within this model, adjacent cus sites are required to facilitate the ClER on RuO 2 . [145] Zn forms very small ilmenite type clusters within the rutile type host structure of RuO 2 . [132] These ilmenite clusters decrease the number of adjacent cus O sites. [132] Thus, the observation of a lower ClER activity for a material with decreased number of adjacent cus sites is in agreement with the model for the ClER proposed by Hansen et al. Since the OER activity is not lowered, the adjacent cus oxygen motive appears not to be required for the OER on RuO 2 . These experimental observations are in line with the acid-based reaction mechanism including the nucleophilic attack of water, since this mechanism is based on a single active center and, hence, does not involve two active sites at a certain specific distance. A rather similar behavior with respect to the ClER-OER selectivity was observed for Ru-Co mixed oxides. [130] The previously mentioned optimization concepts for OER catalysts mostly rely on the optimization of synthesis conditions and the substitution of Ru or Ir by other cations. However, anion substitution appears also to be feasible in this context, if the anion bound in the catalyst has a higher oxidation potential than the potentials applied during the OER. Indeed, Kadakia et al. could show that doping IrO 2 with fluorine has a beneficial effect on the OER performance. [146, 147] In particular, the OER activity was improved noticeably by about 19% without affecting the stability of the catalyst. [146] An atomistic explanation for this behavior was given by Velikokhatnyi et al. in which the authors pointed out that the adsorption strength of oxygen surface intermediates on IrO 2 can be increased by fluorine doping. [148] F-ions have a smaller effective charge than O-ions, which leads to a reduced electrostatic repulsion between oxygen surface intermediates and the F-doped IrO 2 surface and, hence, results in a stronger adsorption. [148] The approach of fluorine doping was also extended to mixed oxides like Ir-Sn, Ir-Sn-Nb or Ru-Sn oxide in which the noble metal content is appreciably reduced. [149] Another approach to optimize the performance of electrocatalysts in general is nano-structuring, which includes the control of size and shape of the catalyst particles. In this context, the control over the particle shape allows to adjust the relative abundance of different crystal facets that are exposed to the electrolyte. [150] Since different facets tend to have different reactivities (see section 4.1), this approach allows for tuning the surface specific catalytic activity. Shape controlled and, similarly, alloy core-shell nanoparticles with a noble metal rich shell have been applied very successfully as concepts for catalyst nano-structuring in the field of ORR, where they yielded in an appreciable activity improvement. [151] Since the OER activity similarly shows a facet dependence (see section 4.1), shape controlled catalysts are of potential interest in the field of OER. Indeed, it was shown that Ir nanodendrites, shape-controlled Ir-Ni nanoparticles and Cu-Ir nanocages show improved OER performances. [120, 152] However, in case of OER catalysts a certain particle shape might be quickly altered within the catalytic process, as the OER is commonly accompanied by metal dissolution (see section 4.1). Beside the shape control, the catalyst can be optimized controlling the size. Small particles provide a large surface area to bulk ratio and, thus, reduce the amount of scarce Ru and Ir catalyst by dispersion. Additionally, a higher surface area to bulk ratio can be obtained when creating mesoporous catalyst films, [91, 153] aerogels [154] or nanowire networks [155] besides others.
Support Materials for PEM Electrolyzer Anode Catalysts
Nano-scaled catalysts, shape-controlled or not, can only unfold their full potential, if they are dispersed on an appropriate support material. This support material ideally combines a high electrical conductivity and a high surface area with excellent corrosion stability under the highly corrosive acidic OER reaction conditions. In the context of electrocatalytic applications, carbon-based support materials such as carbon black, nanotubes, nanofibers; mesoporous carbon or boron doped diamond are widely used, since they commonly provide a high electrical conductivity and a high surface area. [156] Unfortunately, carbon based support materials show stability deficiencies due to corrosion even under potentials present at fuel cell cathodes especially during start-up and shutdown. [157, 158] Commonly, 0.207 V is considered as standard potential for the oxidation of carbon to CO 2 and, hence, carbon based materials are thermodynamically unstable under fuel cell cathode potentials. [156] Since the electrode potentials at PEM electrolyzer anodes are much higher than those of fuel cell cathodes, the driving force for carbon corrosion is even higher in this case. Hence, carbon based materials appear not to be appropriate as support materials for PEM electrolyzers, although a higher degree of graphitization lowers the corrosion problem. [157] The development of doped nanostructured carbon forms based upon nanotubes, graphene and diamond-like carbon led to promising stabilities in ORR applications. [159] This trend may be carried further to OER conditions, in particular if the issue of initial oxidation of the support followed by the formation of a passive structure can be exploited to anchor the active metal only after initial passivation.
As alternative support materials Sn-based, In-based, W-based and Ti-based electrically conductive oxides are frequently considered. [156, [160] [161] [162] In case of Ti based oxides, a sufficient electrical conductivity can be ensured by utilization of substochiometric oxides (Ti n O 2n-1 , 4 ≤ n ≤ 10) [163] or by cation-doping of TiO 2 for instance with Nb. [164, 165] The substochiometric Ti oxide supports offer comparably high electrical conductivities of ≈25-1000 S cm −1 , [163] but provide rather small BET surface areas in the order of only a few m 2 g −1 . [156] Furthermore, substochiometric Ti oxide supports were found to degrade under OER conditions losing their high conductivity due to oxidation to less conductive Ti oxides. [166] A promising alternative Ti oxide based support is Nb doped TiO 2 (NTO), since it can be synthesized with a comparably large BET surface area of 136 g m −2 [167] and shows a higher stability under OER operation than substochiometric Ti oxide supports. [166] However, mesoporous NTO showed a rather low electrical conductivity of 10 −6 -10 −5 S cm −1 which could be increased to 0.25 S cm −1 by heat treatment, whereas NTO films prepared by atomic layer deposition or pulsed laser deposition showed conductivities of 714 or ≈5000 S cm −1 , respectively. [164, 168] Hence, some optimization potential remains in case of mesoporous NTO. Beside Ti based oxides, SnO 2 based materials are frequently considered as supports for electrocatalysts. [117, 156, 161, 169] In case of SnO 2 , which is a wide band gap semiconductor, [170] the required electrical conductivity is commonly ensured by doping with Sb or F. [169, [171] [172] [173] The Sb as well as the F doped SnO 2 have been synthesized as mesoporous compound or aerogel resulting in rather large BET surface areas in the rage of 100 m 2 g −1 and above. [169, 172, 173] For mesoporous Sb doped SnO 2 (ATO) and F doped SnO 2 (FTO) conductivities in the range of ≈0.1-7 S cm −1 have been reported. [169, 172] Another conductive oxide which can be used as support material for electrocatalysts is Sn doped In oxide (ITO), for which synthesis procedures are reported that wileyonlinelibrary.com result in large surface areas of more than 100 m 2 g −1 . [169, 174] The conductivity of mesoporous ITO samples is commonly in the range of 10 −3 to 9.5 S cm −1 . [174, 175] The values mentioned so far for oxidic support materials are already close to those of Vulcan, a common carbon based support material, which provides a BET surface area of 235 m 2 g −1 and a conductivity of 21.6 S cm −1 . [169] Hence, current oxidic support materials provide already a decent electrical conductivity and a high surface area although especially a higher electrical conductivity would be desirable for an application in PEM electrolyzers. Furthermore, the stability of oxidic support materials needs to be determined carefully under different operation conditions, since metal dissolution can become problematic for the ionic conductivity of the proton exchange membrane.
Comparing mesoporous ATO, ITO and FTO based on a similar synthesis approach, Oh et al. found that ATO provided the highest BET surface area as well the highest electrical conductivity. [169] Furthermore, mesoporous ATO was demonstrated to be an excellent support for Ir nanodendrites [176] and IrO x @IrNi core-shell nanoparticles [117] providing a sufficient electrical conductivity and stability. Besides that, the suitability of ATO and ITO as OER catalyst supports was proven on the electrolyzer level. [86, 177] Additionally to the aforementioned oxides, transition metal carbides are considered as potential support materials for electrocatalysts, especially due to expected improvements of the catalysts stability and intrinsic activity. [178] However, the preparation of high surface area transition metal carbides is often considered to be difficult, although advanced synthetic approaches can result in high surface areas as demonstrated for WC. [179] Furthermore, transition metal carbides tend to be dissolved or oxidized at high electrode potentials, [178] which is a severe drawback for their application as PEM electrolyzer anode catalyst supports. Besides the aforementioned oxides and carbides, novel silicone nanofilaments were reported to act as promising support material in water electrolyzers. [180] One additional aspect in the context of support materials is their interaction with the catalytically active phase, which is not well understood up to now. Catalyst-substrate interactions can result in an improved catalytic performance of the active phase [121, 162, 181] but are rarely studied in the field of OER electrocatalysis. The catalytic performance of Pt nanoparticles for methanol oxidation and ORR was successfully tuned using surface functionalized carbon nanotubes [182] or, respectively, ITO. [162] Hence, catalyst-support interactions might be useful as an additional parameter to tune the activity and stability of PEM-compatible OER catalysts.
Conclusions and Future Outlook
Although many different reaction mechanisms have been proposed for the oxygen evolution reaction on heterogeneous catalysts, so far the detailed reaction mechanism in acidic environment has remained elusive which impedes knowledgebased catalyst design. In contrast, in-situ experimental insights provided a quite detailed reaction scheme for homogenous OER catalysts. Based on the knowledge obtained for homogenous catalysts, experimental in-situ insights for heterogeneous catalysts are evaluated within this review to uncover similarities and differences. Unfortunately, the OER mechanism on different OER catalysts in acidic environment appears not to be uniform, which certainly impedes mechanistic investigations. Furthermore, the catalysts surface structure seems to change under OER conditions, which hampers mechanistic investigations based on single crystalline electrodes. However, connecting links need to be established between the different reaction mechanisms proposed to generalize the mechanistic picture. For this purpose, more advanced in-situ insights of well-defined materials are required. In this respect, especially isotope-labelled DEMS studies as well as surface sensitive in-situ analytical techniques such as NAP-XPS and surface enhanced Raman spectroscopy appear to be powerful.
Even though the OER mechanism has not been completely resolved, catalyst optimization can be performed based on semi-rational structure-activity-stability relations. Interestingly, OER catalyst optimization does not necessarily require mixed oxides systems, since even Ru and Ir oxides alone provide great optimization potential if their chemical properties and surface state are carefully tuned within the synthesis. Nevertheless, the formation of mixed metal oxides can be used to achieve further improvements in OER activity and/or stability while lowering the noble meal content. Considering the mixed oxide systems, those with Ni appear to be of great interest, since the OER activity can be vastly improved which, in turn, reduces the required noble metal content considerably. As a general tendency, the amorphization of the catalyst leads to a higher activity while the stability is lowered, although activity and stability do not appear to be strictly anti-correlated. Furthermore, an increase in the surface hydroxylation as well as the introduction of more electrophilic oxygen species created via defects seem to be beneficial for the OER activity. To further lower the noble metal content, advanced, electrically conductive, high surface area corrosion stable support materials are required to disperse the catalyst sufficiently. In this context often ATO and ITO are applied, which, however, need further improvements to meet the high demands of electrolyzer anode catalysts.
Finally, the question has to be raised, if noble metals, in particular Ir, will be required as basis for an active and stable PEM electrolyzer anode catalyst. Based on the knowledge compiled within the present review, this question has to be affirmed, at least on the medium-term, since at the present state no noble metal free PEM electrolyzer anode catalyst is known that would provide high stability and activity. However, the key to an economically competitive application on the medium-term is a high atom efficiency with respect to the noble metal, which can be achieved improving the intrinsic OER activity as well as the dispersion and dilution of the active phase. Concepts for these approaches have been outlined within this review. However, based on a more in-depth understanding of the structureactivity-stability relationship as well as the reaction mechanism it might, on the long-term, be possible to develop noble metal free PEM electrolyzer anode catalysts. 
